MicroRNAs (miRNAs) are an abundant class of small RNAs that regulate expressions of most genes. miRNAs play important roles in the pituitary, the ''master'' endocrine organ.However, we still don't know which role miRNAs play in the development of pituitary tissue or how much they contribute to the pituitary function. By applying a combination of microarray analysis and Solexa sequencing, we detected a total of 450 miRNAs in the porcine pituitary. Verification with RT-PCR showed a high degree of confidence for the obtained data. According to the current miRBase release17.0, the detected miRNAs included 169 known porcine miRNAs, 163 conserved miRNAs not yet identified in the pig, and 12 potentially new miRNAs not yet identified in any species, three of which were revealed using Northern blot. The pituitary might contain about 80.17% miRNA types belonging to the animal. Analysis of 10 highly expressed miRNAs with the Kyoto Encyclopedia of Genes and Genomes (KEGG) indicated that the enriched miRNAs were involved not only in the development of the organ but also in a variety of inter-cell and inner cell processes or pathways that are involved in the function of the organ.
Introduction
MicroRNAs (miRNAs) are a family of small RNAs that function as regulators of messenger RNAs [1] . Their discovery has revealed a new level of gene regulation in eukaryotes [2] . In animals, miRNAs regulate gene expression mainly by sequence-specific targeting of the 39untranslated regions of target mRNAs, which usually results in repression of the gene expression [3] . Occasionally, miRNAs can suppress or activate genes by causing histone modification and DNA methylation of promoter sites [4, 5] , or by targeting gene promoters [6] . miRNAs may target about 60% of mammalian genes [7] and have been shown to be involved in a wide range of biological processes including development, differentiation, proliferation, and immune response [8, 9, 10, 11] . Most interestingly, animal miRNAs target some developmental genes specifically [12] and many miRNAs are expressed in a temporal or tissue-specific pattern [13] . Therefore, miRNAs may be particularly involved in regulating development and function of tissues and organs.
The pig (Sus scrofa) is an important animal not only for meat production but also as a model organism for comparative studies [14] . Despite the significant role of the animal, the current miRBase release 17.0 [15] listed only 228 distinct miRNA sequences in pigs [16, 17, 18] , which is substantially less compared with human and mouse miRNAs (1424 and 720 respectively). MiRNAs were first studied in pigs by Wernersson et al [19] , and Sawera et al. identified the first porcine miRNA cluster [20] . At the beginning, new porcine miRNAs were found using a homology search [21] . With the emergence of microarray and Solexa sequencing, the abundance of porcine miRNA was found, most of them focused on porcine miRNAs from the skeletal muscle and adipose tissuein all life stages [18, 22, 23, 24] . One study focused on the developing brain [17] , but none has focused on miRNAs from the pituitary.
The pituitary is a pea-sized gland located at the base of the brain and attached to the hypothalamus by nerve fibers. It is the ''master'' endocrine organ as it receives signals from the brain and uses these messages to produce hormones that affect many body processes, including animal growth, bone metabolism, and the cell generation cycle [25, 26, 27] . Profiling pituitary miRNAs may thus enable us to elucidate not only how miRNAs are involved in regulating the development and function of the organ but also how miRNAs are involved in regulating the development of the individual or species characteristics of an animal. Thus far, only a few studies have addressed the involvement of miRNAs in the functions of the pituitary; miR-26 has recently been reported to be critical for anterior pituitary development [28] , and most others are related to the development of tumors. For example, miR-15 and miR-16 were found to be down-regulated in pituitary adenomas and correlated with the secretion of P43, a precursor of the inflammatory cytokine endothelial monocyte-activating polypeptide II [29] . The expression of the miR-30 family strongly increased while miR-26a and miR-212 were strongly downregulated in the pituitary gland with ACTH-secreting adenomas [30] . miRNAs actions in the pituitary remain largely unknown.
We conducted an investigation of miRNAs in the porcine pituitary through microarray, Solexa sequencing and real-time PCR. With these powerful technologies, we have identified a large number of porcine miRNAs that are not registered in the Sus scrofa miRBase and some new potential porcine miRNAs that have not yet been identified in any species. We have obtained for the first time a comprehensive profile of miRNAs in the porcine pituitary, which provides fundamental information on the miRNAs actions in this ''master'' endocrine organ.
Results

miRNAs and their expressions in the porcine pituitary detected by microarray assay
We applied miRCURY TM LNA Arrays to examine the expression of miRNAs in the porcine pituitary. The chips contain probes for 2500 miRNAs identified in all species including the pig but excluding humans, rats, mice and viruses. With this microarray, we detected a total of 418 miRNAs in the porcine pituitary. According to the miRBase17.0, we have detected 154 known porcine miRNAs (Table 1) and 264 conserved porcine miRNAs by the microarray assay (Table 2) . Among the detected miRNAs, 53 had an expression signal greater than 1, 26 reached a signal greater than 2, and 18 reached a signal greater than 3, each with the miR-7 on the top (16.8), which was significantly higher than the expression in skeletal muscles and adipose tissues (data unpublished). These enriched miRNAs should be the main active players of miRNA regulation in the porcine pituitary.
miRNAs identified in the porcine pituitary via Solexa sequencing
Considering that the miRNAs known in the pig are far fewer than those known in human or mice, and our microarray chips contained only 120 porcine probes, we conducted Solexa sequencing to discover some miRNAs that our microarray might fail to detect and obtain the porcine miRNA sequences that are not yet available. A total of 11,209,341 clean reads were sequenced from the pituitary tissue ( Figure S1 ). These reads contained 744,371 unique sequences, and 109,524 of them can be mapped to the genome (Illumina Genome Analyzer System). After eliminating the unknown and repeat sequences as well as other small RNA reads such as tRNA, rRNA, snoRNA, and piRNA, the remaining 8507 mapped sequences were ''blasted'' to the miRBase (release17.0) and the matched sequences were annotated according to their similarities with known mature miRNA sequences deposited in the miRBase. As a result, 1312 unique sequences representing 105 mature miRNAs were identified (Table S1 ), each miRNA include multiple mature variants (Table S2) , called isomiRs as other literatures reported [16, 24] . Most of these miRNAs were 18-25 nt long with the peak at 22 nt in the length distribution curve (Fig. 1 ). Among these cloned and sequenced porcine miRNAs, there were 20 miRNAs that had not been detected by the microarray analysis (Table 3 ). These miRNAs were either not included in the available commercial microarray chips (underlined in the Table 3 ), or had a low expression as determined by their low sequencing frequency (lower than 125) except miR-139 (378) and miR-210 (346). Eight miRNAs have not yet been deposited in the Sus scrofa miRNA database, but their sequences displayed a perfect or nearly perfect match (mismatch#1) to orthologous miRNAs of other organisms. They were thus porcine conserved miRNAs. Six of them were identified by Li et al. [24] , two (miR-2366 and miR-3613) were identified by us for the first time (Table 4) . Of them, six have been also obtained from the skeletal muscle and adipose tissues in our previous work (data not published), and the other two miRNAs (underlined in the Table 4 ) were detected only in the pituitary but not in the skeletal muscle and adipose tissues.
The ability of the pre-miRNA sequence to form a canonical stem-loop hairpin structure is one of the critical features that distinguish miRNAs from other small endogenous RNAs [31, 32] . We thus used the remaining 7227 sequences that were mapped to the pig genome but did not match any sequences in miRBase 17.0 to search for potentially new miRNAs by structural reconstruction with their flanking sequence. As a result, 12 potentially new porcine miRNAs were identified by the Mfold and MiReap programs; the precursors can form secondary structures containing stable stem-loops with a minimum free energy less than 220 kcal/mol (Table S3) . Among them, ssc-miR-new5 and sscmiR-new10 has the same seed sequences with miR-2287 and miR-3275, respectively. Other miRNAs represent either porcinespecific or conserved miRNAs not yet discovered in other organisms.
Validation of miRNA expression via stem-loop real-time PCR
To verify and evaluate the reliability of the results from the two platforms, we selected 14 miRNAs for stem-loop real-time PCR assay. These miRNAs were selected from the 81 miRNAs that could be detected by both microarray analysis and Solexa sequencing at different levels of expression. The selection included miR-7, which was ranked at the top for its expression by both methods and miRNAs that had a microarray fold change as low as 0.0047 and a Solexa sequencing frequency count as low as 168. All the miRNAs were successfully detected by the real-time PCR, suggesting that the miRNAs identified by our microarray analysis and Solexa sequencing were reliable for their existence. However, the expression levels detected with the 3 platforms differ to some extent for certain miRNAs. As shown in Figure 2 , the expression levels determined by microarray analysis were quite consistent with those determined by real-time PCR assay and Solexa sequencing with Pearson correlation coefficients (R) of 0.80 and 0.78, respectively; whereas the levels determined by Solexa sequencing were a little inconsistent with those determined by real-time PCR (R = 0.64) (Figure 3 ). This suggested that Solexa sequencing is a more advanced technique for discovering novel miRNAs, but it is somewhat inferior to the microarray method in miRNA quantification.
Validation of new miRNAs using Northern blot
The top three highly expressed new miRNAs were confirmed by Northern blot, all of them have been detected in the pituitary tissue ( Figure 4 ).
miRNA target predictions and KEGG pathway analysis
To gain insight into the general functions of miRNAs in the pituitary, the 10 most abundant miRNAs, except for the let-7 family that is well known to be ubiquitously expressed, were selected for predicting target genes and classified according to KEGG functional annotation using DAVID bioinformatics resources [33] . A total of 2099 target genes were predicted and 12 possible pathways were revealed (Table 5 ). It appeared that the enriched miRNAs in the pituitary were intensively involved in not only the development of the nervous system such as axonal guidance neurotrophin-signaling, but also the function of the organ such as long-term potentiation and sodium reabsorption. Their roles involved regulations of important inner cell processes such as actin-cytoskeleton regulation, ubiquitin-mediated proteolysis, and regulation of important signaling pathways including MAPK and mTOR pathways and pathways in cancer, as well as regulations of intercellular activities such as focal adhesion. 
Discussion
In this study, we applied microarray analysis and Solexa sequencing to identify the miRNA expression in the porcine pituitary, and the stem-loop real time RT-PCR to verify and evaluate the data sets obtained via the two high-throughput platforms. We found that the Solexa sequencing could be used to identify novel miRNAs with high accuracy and efficiency. However, microarray analysis appeared to surpass the ''nextgeneration'' sequencing methods in quantification. This is also the point of view of Chen et al. and Willenbrock et al. [34, 35] . This limitation of the deep-sequencing approach might be because of the cloning bias or sequencing bias that intrinsically exists in the approach. In addition, multiplexed high-throughput expression sequencing may have affected data quality [35] , and fragments with the same seed sequence were regarded as the same miRNA. Further, physical properties or post-transcriptional modifications may make some miRNAs difficult for sequencing. All these factors may decrease the accuracy of the quantification.
By applying two powerful and related technologies, we have obtained a rather comprehensive expression profile of miRNAs in porcine pituitary. The profile included 450 miRNAs, of which 169 were known porcine miRNAs, 269 were conserved miRNAs that can't find in the miRBase porcine data and 12 potentially new miRNAs that have not yet been identified in any species. Of the conserved miRNAs, 106 have been reported in other research [16, 17, 18, 22, 24] , and 163 were not yet identified in the pig.
From the known porcine miRNA data, it can be estimated that the porcine pituitary contains at least 74% (169/228) of all miRNA types found in the animal. Although most of them have very low expressions, we have detected 18 miRNAs with more than 3-fold enrichment (signal. [37, 38] . Although those reported data were quite incomplete for miRNA profiles in pituitary; it appeared that miR-7 is the most highly expressed miRNA in the pituitary in all the three species. The up-regulation of miR-141, miR-200a, miR200c, miR-26a, and miR-29 we detected were also accordant either with mice or with humans. However, there equally were miRNAs that showed discordant in different organisms. For example, miR-375, which was enriched 3-fold in mouse and human pituitary, showed only 2.2-fold in the porcine pituitary; and miR-212 had threefold expression in humans but not in pigs or in mice; miR-25, in mice but not in humans or pigs. These findings indicated that different species could have varying miRNA expressions within the same tissue and/or organ. One should thus be careful in implicating miRNA information from one animal to another. It is certainly one of the most attractive and challenging questions that whether and how such conservation and variation of miRNA expressions are linked to the conserved but varying functions of the pituitaries in different animals or individuals with characterized physiologies.
Compared with skeletal muscles and adipose tissue from the same slaughtered animal (data not published), 19 miRNAs were only detected in the pituitary, suggesting these miRNAs may play important roles in pituitary-specific functions. The most upregulated miRNA that was expressed in the pituitary relative to skeletal muscle was miR-222, and miR-1 was the most downregulated. miR-135 was most differently expressed between the pituitary and adipose tissue, as much as 373 folds higher in pituitary, while miR-20a was the most down-regulated one that expressed in the pituitary relative to adipose tissue. With the Solexa sequencing, four miRNAs, miR-760, miR-1296, miR-137, and miR-362, have been detected only in the pituitary but not muscle or adipose tissue. These four miRNAs also have not been deposited in the Sus scrofa database; they were first reported by Li et al. using tissues from the whole body [24] . In humans or mice, these miRNAs have been mostly associated with cancer. miR-760 is regulated by the hormone 17-beta-estradiol along with other miRNAs that can target estrogen-responsive transcripts, which is associated with the luminal-like breast tumor [39] . miR-1296 can down-regulate genes of the minichromosome maintenance (MCM) gene family, which are frequently upregulated in various cancers [40] . miR-137 induces differentiation of adult mouse neural stem cells and stem cells derived from human glioblastoma multiform; it also regulates neuronal maturation by targeting ubiquitin ligase mind bomb-1 protein [41, 42] . The down-regulation of the miR-362 expression may obstruct the development of cultured embryos [43] . Future detail studies are required to reveal the regulation and functions of these pituitary-specific miRNAs. Furthermore, we have identified 12 new potential porcine miRNAs by Solexa sequencing and computational predictions; these miRNAs have not been found in any other species thus far. Further studies of these miRNAs could bring about new insight on miRNA actions.
Finally, the pathway analysis of the top 10 enriched miRNAs has highlighted 12 processes or pathways that the enriched miRNAs may target. These processes or pathways are crucial not only for the development of the nervous system but also for survival, growth, proliferation and motility of the cell, as well as for the development of certain tumors. All these are possible directions for future research on the roles of miRNA regulation in the pituitary.
Conclusions
We have revealed the existence of 269 porcine conserved miRNAs in addition to those deposited in the current miRBase, of which 154 by array and 2 by Solexa have been newly identified, and we have identified 12 other potentially new porcine miRNAs with their pre-mRNA predicted, which provides important complementary information to the current miRNA database. With the verification and evaluation of the data, we have established for the first time a comprehensive miRNA expression profile of the pituitary gland, which provides fundamental information on miRNA regulation and functions in the porcine pituitary. We found that the pituitary contained particularly many miRNA types relative to its small size and limited cell types in the animal; and miRNAs were dramatically regulated in the pituitary, which showed both accordant and discordant in different species. Actions involving miRNAs in the pituitary are important not only for the development but also for the function of this master endocrine organ, which could contribute to the establishment of individual and species characteristics.
Methods
Tissue collection and RNA extraction
Eight 180-day-old Lantang pigs (local strain in China) were slaughtered in a legal slaughterhouse, and the pituitary tissues were collected within half an hour and immediately frozen in liquid nitrogen to ensure RNA quality. Before homogenization, pituitary tissue samples from eight animals were pooled, and total RNA was isolated from the pooled samples by using the Trizol (Invitrogen, USA) reagent according to the manufacturer's protocol. The quality of RNA was examined by 1.5% agarose gel electrophoresis and with BioPhotometer 6131 (Eppendorf, Germany).
Ethics Statement
All of the animal slaughter experiments were conducted in accordance with the guidelines of Guangdong Province on the Review of Welfare and Ethics of Laboratory Animals approved by the Guangdong Province Administration Office of Laboratory Animals (GPAOLA). All animal procedures were conducted under the protolcol (SCAU-AEC-2010-0416) approved by the Animal Ethics Committee of South China Agricultural University.
Computational analyses of Solexa sequencing data
All unique reads (744,371 unique in total 11,209,341 sequenced reads were sequenced in our library) were perfect mapped to pig genome using bowtie. The assembed of the pig genome (susScr2, SGSC Sscrofa9.2) were download from UCSC (http://hgdownload.cse.ucsc.edu/goldenPath). Total 7,232,270 (unique 290,998 reads ) can map to genome (5, 192 ,324 reads as 220,778 unique reads mapped to genome uniquely). All reads were align to known miRNA sequences which were download from miRBase (Release16) (http://microrna.sanger.ac.uk/sequences/), ncRNA database which was downloaded from the Rfam database (Release 10.0, http://rfam.janelia.org/), piRNA sequences which were download from RNAdb (http://jsm-research.imb.uq.edu.au/ rnadb/default.aspx) respectively. Considering some reads could be mapped to multiple kinds of RNA, the reads can mapped to one kind were removed the dataset which were use to mapped to other sequences.
Map were all allow 0 mismatch, using bowtie with the following Parameter: bowtie -f -v0. Sequences that did not overlap any of these annotations were classified as ''unknow''. These ''unknow'' sequences which mapped at most 5 times to genome were further considered as novel miRNAs candidates. To identify potential miRNA genes, the MIREAP algorithm (http://sourceforge.net/ projects/mireap) was employed to obtain all candidate precursors Three new potential miRNAs in pig pituitary were successfully revealed using northern blot, U6 was control. New1, new2 and new3 were listed in Table S3 . doi:10.1371/journal.pone.0024883.g004
with hairpin-like structures that would perfectly match the sequencing tags [44] .
Microarray assay with miRNA chips miRCURY TM LNA Array was performed according to the manufacturer's protocol (Exiqon, Denmark). Briefly, after determining the RNA concentration on a NanoDrop instrument, 10 mg of total RNA from the pooled sample was labeled by using the miRCURY TM Hy3 TM /Hy5 TM Power labeling kit and hybridized on the miRCURY TM LNA Array (v.14.0). The array was scanned using the Axon GenePix 4000B microarray scanner. GenePix pro Version 6.0 (Axon Instruments) was used to read the raw intensity of the image. All data used for analysis had a signal-to-noise ratio of .5 and an average sum intensity of 50% higher than that of the background. Expression data were normalized using the lowess (Locally Weighted Scatter plot Smoothing) regression algorithm (MIDAS, TIGR Microarray Data Analysis System), which can produce within-slide normalization to minimize the intensitydependent differences between the dyes. After normalization, replicated miRNAs were averaged. Differentially expressed miRNAs were identified through Fold Change filtering. Hierarchical clustering was performed using MEV software (v4.6, TIGR).
Real-time quantification of miRNAs by stem-loop RT-PCR
Six pituitaries were collected from slauthereed Lantang pigs, and total RNA were seperated as discribed above. Stem-loop RT-PCR was performed as previously described [8] . In brief, 1 mg of total RNA from each sample was reverse-transcribed into cDNA by the M-MLV reverse transcriptase (Promega, Guanzhou, China) with looped antisense primers. After 1 hour of incubation at 42uC and 10 min of deactivation at 75uC, the reaction mixes was used as the templates for PCR. Real-time quantitative PCR was performed with standard protocols on a STRATAGENE Mx3005P sequence detection system. The PCR mixture contained 1 ml of cDNA (1:10 dilution of a RT-reaction mix), 10 ml of 26 SYBR Green PCR Master Mix, 1.5 mM of each primer, and water to make up the final volume to 20 ml. The reaction was performed in a 96-well optical plate at 95uC for 1 min, followed by 35 cycles of 95uC for 15 s, 56uC for 15 s, and 72uC for 40 s. All reactions were run in duplicates, and a negative control without template was included for each gene. The cycle threshold (Ct) was recorded for each reaction and the amount of each miRNA relative to that of U6 RNA was described using the expression 2
2(CtmiRNA2CtU6RNA)
. Primers were designed on the basis of the sequenced miRNA by using Premier 5.0. (Table S4 for primer sequences).
Northern blot
RNA was extracted from the pituitary tissue of Lantang pig using the same method above. Total RNA was separated on a denaturing 15% polyacrylamideurea gels using TBE buffer, then electroblotted onto the positively charged nylon membrane (Hybond N+ nylon filter, Amersham). After transfer finished, RNA was crosslinked with ultraviolet light (Stratagene). The probes targeting ssc-new-1, ssc-new-2, ssc-new-3 miRNA were labelled with biotin and hybridized to the filter using the MiRNA Northern Blot Assay Kit according to the manufacturer's introduction (Signosis).
miRNA target predictions and KEGG pathway analysis miRGen 2.0 database was used to predict the miRNA targets [45] . The predictions were based on human genes as Sus scrofa genes are not included in the current versions of miRGen. This approach assumes that the sequences of the miRNA target sites are conserved between orthologues.
The functional annotation of target human genes in the KEGG pathway was performd using DAVID bioinformatics resources [33] . Probabilities were evaluated by Bonferroni correction and values less than 0.001 were considered significant. The relationships between human and pig genes were based on Ensembl release 58 (http://www.ensembl.org/) and retrieved using BioMart (http://www.biomart.org/). We used orthologs between human and pig (S. scrofa) to select the pig miRNA target genes.
Statistics
Pearson's correlation coefficient R was used to measure the product-moment coefficient of correlation between the quantitative variables. All data were normalized by the Log 2 (data) transformation. A scatter plot for each paired data sets was then used to analyze the linearity. The Pearson's correlation coefficient R may have any value from 0 to 1. All statistical analyses were performed with the R. Figure S1 Reads distribution of sRNAs sequenced by solexa.
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